Abstract: Seasonal dynamics of total phenolics (TP), extractable condensed tannins (ECT), protein-bound condensed tannins (PBCT), fiber-bound condensed tannins (FBCT), total condensed tannins (TCT) and nitrogen contents in sun and shade leaves of Aegiceras corniculatum were studied in the Zhangjiang Estuary, Fujian Province, China. The contents of TP, ECT and TCT in the sun leaves were significantly higher than those in the shade leaves through the season. The N content in sun leaves was higher than that in shade leaves in the autumn, while it was lower in the summer, and there was no significant difference in the winter and spring. With the respect to the P through the year, P content in the sun leaves was different between seasons, with the highest in winter and the lowest in summer. In addition, the TP:N and ECT:N ratios in sun leaves were significantly higher than those in shade leaves except in autumn. High tannin levels and TP:N and ECT:N ratios in the sun leaves not only can reduce oxidative stress, but also improve the ability of resisting plant diseases and insect pests.
INTRODUCTION
Tannins, a group of phenolic compounds, are a significant component of plant secondary metabolites [1] . They are the fourth most abundant biochemical substance in vascular plant tissue and could be found in plant leaves, roots, wood, bark, fruits and buds [2, 3] . Although the synthesis of tannins which has complex structure needs large amount of energy, their widespread occurrence indicated the important role in plant function and evolution [4, 5] . It has been suggested that dominant plant in poor-nutrient ecosystems exhibited advantages over the other species by the production of large amount of tannins and some other carbon-based secondary compounds [6] .
Mangrove ecosystem are known as highly productive ecosystems in the subtropical and tropical coastlines [7] [8] [9] . Mangrove was considered to be an important link between terrestrial and marine ecosystems and provide energy base for the adjacent food web [8] . In mangrove species, the concentration of tannins could reach as high as 20% of the dry weight in the leaf [1, 2] . This abundant component could prevent the loss of biomass of mangrove from the herbivores and influence the community of intertidal meiofauna in tropical estuaries [10] . Although a lot of studies were carried *Address correspondence to this author at the Key Laboratory of the Ministry of Education for Coastal and Wetland Ecosystems, School of Life Sciences, Xiamen University, Xiamen 361005, China; Tel: (86) 0592-5182655; Fax: (86) 0592-5182678; E-mail: weishudong2005@126.com out on the physiological basis and ecological consequences of leaf tannins, only a few focused on the variability leaf tannins related to environmental changes and developmental stages [1, 11] . The variability not only increased the susceptibility of plants against herbivores, but also is important factor determining the nutrient cycling in terrestrial and aquatic ecosystems [12] [13] [14] .
Previous studies showed that the tannin content of leaf in mangrove species (Aegiceras corniculatum) decreased with the age and decay stage [1, 15] . However, the environmental factor, especially the light, played important role in regulating the physiological metabolism. The content and structure of tannins also could be impacted by the light. For example, Treutte (2005) [16] found that light intensity might determine the formation and accumulation of plant secondary metabolites such as tannin. On the other hand, it has been proved that nutrient availability, especially N and P, is an important factor impacting mangrove growth [17] [18] [19] . Plant N:P ratio is a useful index in ecological research because it reflects the gradual and dynamic character of nutrient limitation rather than the fixed characters such as Nlimited vs P-limited [20, 21] .
The objective of the present study was to test the following hypotheses: (1) Tannins in sun and shade leaves follow a seasonal pattern; (2) The production of phenolics dominates under nutrient limitation. Here we test the above hypothesis by examining the dynamics of tannin and nitrogen in a cryptoviviparous mangrove species (Aegiceras corniculatum) in a subtropical Coastline of China.
MATERIALS AND METHODS

Study Areas
The study was conducted in the estuary of Zhangjiang River, which runs into Dongshan Bay, Fujian (23°53'-23° 57 'N, 117°24'-117°30' E). The climate of the region belongs to southern subtropical maritime monsoon climate, with annual temperature ranging from 13.5 °C to 28.9 °C. Mean annual precipitation and evaporation are 1714.5 mm and 2027.9 mm, respectively. The salinity of seawater was between 12 and 26 PSU. The soil was clay with salinity above 10 PSU, and the content of organicmatterwas above 2.5%. In this study site, Aegiceras corniculatum was the dominant species with a few Kandelia obvata and Avicennia marina. The mean height of A. corniculatum plants was 1.5 m. The A. corniculatum forest in Zhangjiang Estuary belongs to the northernmost naturally distributed mangroves in China.
Materials
Thirty individuals of A. corniculatum similar in height and growth conditions were chosen and labeled. Shade and sun leaves from the same shoot inside and outside canopy of each chosen tree were collected. Samples from every 10 individuals were pooled together as a replicate group. Leaves damaged by insects and disease or mechanical factors were avoided. About of 50-100 leaves in each group were collected to account for tree-to-tree variability in composition. The sampling work were carried out in March, June, September, and December of 2009. All samples were taken to the laboratory immediately after sampling and cleaned with distilled water.
Methods
All chemicals were of analytical reagent purity grade. An additional standard denoted here as purified tannin, was extracted from A. corniculatum leaves and purified on Sephadex LH-20 (Amersham, USA) according to the procedure previously described by Asquith and Butler (1986) as modified by Hagerman (2002). The condensed tannin standard was freeze-dried and stored at −20 °C until required. Procedures described by Lin et al. (2006) were used to determine total phenolics (TP), extractable condensed tannins (ECT), protein-bound condensed tannins (PBCT), and fibre-bound condensed tannins (FBCT). TP were measured with the Prussian blue method (Graham, 1992) , and ECT, PBCT and FBCT were assayed by the butanol-HCl method (Terrill et al., 1992) using purified tannins from A. corniculatum leaves as the standard. The contents of total condensed tannins (TCT) were calculated by adding the respective quantities of ECT, PBCT, and FBCT (Terrill et al., 1992) . After digested with sulfuric acid and hydrogen peroxide, the N content of plant samples was determined by the micro Kjeldahl method (Yoshida et al., 1972) and the P content was assayed by the ascorbic acidantimony reducing phosphate colorimetric method (Nanjing Institute of Soil Science, 1978).
Statistical Analyses
All measurements were replicated three times and analyzed using one-way analysis of variance (ANOVA) (SPSS 16.0 for Windows) with TP, ECT, PBCT, FBCT and TCT. The Student-New-man-Keuls multiple comparison method was used to test significant differences between any two leaf characters.
RESULTS
Seasnonal Dynamics of Total Phenolics Contents
No significant differences were found for TP content of sun leaves among four seasons. It ranged from 285.21 mg/g ± 16.90 in autumn to 318.68 ± 9.47 mg/g in spring. For shade leaves, the lowest TP content occurred in summer [(159.94 ± 9.73) mg/g] and the highest TP content occurred in autumn [(245.43 ± 11.17) mg/g] and winter [(230.12 ± 12.22) mg/g] (P < 0.05). TP content of sun leaves were significantly higher than the shade ones through all seasons (P < 0.05) (Fig. 1).   Fig. (1) . Seasonal changes in total phenolics (TP) contents in the leaves of A. corniculatum. Symbols are black bars for sun leaves and white bars for shade leaves. Different letters show significant differences from each other at P < 0.05.
Seasonal Dynamics of Condensed Tannin Contents
ECT contents of sun leaves in summer and spring were 288.82 ± 7.24 mg/g and 291.74 ± 17.10 mg/g, respectively. The values in these two seasons were significantly higher than that in the other two seasons. The ECT contents of shade leaves showed highest values in autumn (140.25 ± 10.33 mg/g) and winter (135.38 ± 12.59 mg/g), which were significantly different from the observation of ECT contents of sun leaves. The ECT contents of sun leaves in all seasons were significantly higher than those in shade leaves (P < 0.05) (Fig. 2A) .
The PBCT contents of sun leaves fluctuated between 5.15 ± 0.55 mg/g and 11.53 ± 0.84 mg/g, and the values in
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autumn and winter were significantly higher than those in summer and spring (P < 0.05). The PBCT contents of shade leaves exhibited significant differences among different seasons, while highest in autumn 10.54 ± 0.8492 mg/g, and lowest in summer 4.40 ± 0.59 mg/g. PBCT contents of sun leaves were significantly higher than those of shade leaves except for in spring (Fig. 2B) .
The highest FBCT contents of sun leaves occurred in spring (12.13 ± 0.54 mg/g), followed by autumn (10.26 ± 0.78 mg/g), but no significant difference were observed between summer (7.56 ± 0.27 mg/g) and winter (8.57 ± 0.94 mg/g). The FBCT contents of shade leaves were lower in summer than that in other seasons. Except for in summer, FBCT content of sun leaves were significantly lower than those of shade ones (Fig. 2C) . TCT contents of sun and shade leaves ranged from 200.19±10.33 mg/g to 309.48± 17.26 mg/g and from 84.49 ± 3.39 mg/g to 162.51± 11.25 mg/g, respectively. TCT and ECT contents showed the same trends during the growing seasons, and the TCT contents of sun leaves were significantly higher than those of shade ones in the same seasons (P <0.05) (Fig. 2D). 
Seasonal Dynamics of the N And P Content and N:P Ratios
The sun leaves had significantly higher nitrogen contents in winter and autumn than those in spring and summer, while the shade ones had significantly higher nitrogen contents in winter and summer than in autumn and spring (Fig. 3A) .
The P contents of sun leaves were highest in winter (2.62 ± 0.11 mg/g) and lowest in summer (1.06 ± 0.07 mg/g). The shade leaves showed highest P content in winter (3.45 ± 0.20 mg/g) and lowest P content in spring (1.16 ± 0.03 mg/g). Except for in autumn and spring, the P content of shade leaves were significantly higher than those of sun ones in summer and winter (Fig. 3B) .
N:P ratios of sun and shade leaves ranged from 8.15 ± 0.65 mg/g to 13.22 ± 0.53 mg/g and from 6.39 ± 0.35 mg/g to 13.41 ± 0.25 mg/g. All values were below 14 and showed the same trends during the growing seasons, which highest in spring and lowest in winter. Except for in spring, the N:P ratios of sun leaves were significantly higher than those of shade ones in other seasons (Fig. 4). 
Seasnonal Dynamics of TP:N and TCT:N Ratios
Except for autumn, the TP:N ratios of sun leaves were significantly higher than those of shade ones in the other seasons. The TP:N ratios of sun leaves were significantly higher in summer (22.60 ± 0.59 mg/g) and spring (19.28 ± 0.63 mg/g) than those in autumn (13.79 ± 0.99 mg/g) and winter (14.19 ± 0.10 mg/g). TP:N ratios of shade leaves were significant different in different seasons, which was highest in autumn (15.31 ± 0.34 mg/g), and lowest in summer (7.82 ± 0.82 mg/g) (Fig. 5A) .
TCT:N and TP:N ratios of sun leaves showed the same trends during the growing seasons, which was highest in Fig. (2) . Seasonal changes in ECT, PBCT, FBCT and TCT contents in the leaves of A. corniculatum. Symbols are black bars for sun leaves and white bars for shade leaves. Different letters show significant differences from each other at P < 0.05. Fig. (3) . Seasonal changes in the N and P contents in the leaves of A. corniculatum. Symbols are black bars for sun leaves and white bars for shade leaves. Different letters show significant differences from each other at P < 0.05. Fig. (4) . Seasonal changes of N:P ratios in the leaves of A. corniculatum. Symbols are black bars for sun leaves and white bars for shade leaves. Different letters show significant differences from each other at P < 0.05. summer and lowest in autumn and winter. But TCT:N and TP:N ratios of shade leaves showed another trends during the growing seasons, both highest in autumn (8.74 ± 0.36 mg/g) and lowest in summer (4.07 ± 0.30 mg/g) (Fig. 5B) . 
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DISCUSSION
Light is one of the most important factors affecting the growth of plants and its intensity played important role in the formation and accumulation of secondary metabolites in plants [16] . In this study, sun leaves had higher contents of TP (Fig. 1A) and ECT ( Fig. 2A) than the shade, indicating that the light intensity stimulate the synthesis of tannin in the plant. This result is consistent with the photodamage hypothesis proposed by Close and McArthu [22] . When the energy exceeded photosynthesis capacity, this excess energy absorbed by leaves might increase concentration of reactive oxygen species in plants and lead to destructive oxidation processes, such as lipid peroxidation, destruction of chlorophyll, oxidation of proteins, damage of nucleic acid [23, 24] and Calvin cycle enzymes [25] . In order to reduce the damage of oxidative caused by excess energy, plants will inevitably synthesis more antioxidant substances such as polyphenols to protect themselves from being impacted by phytodamage. Polyphenols are known as "UV filters" which has a strong ability to absorb ultraviolet light [15] . Many studies reported that the phenolics content in sun leaves are significantly higher than that in the shade leaves [26, 27] . Sun leaves suffered from much stronger ultraviolet radiation
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than the shade leaves, hence the much higher phenolics in sun leaves can reduce ultraviolet harm to the plant itself.
Seasonal variation of chemicals in the leaves could reflect the requirement of carbohydrate and nutrient during the growth and differentiation of plant [28] . Carbon Nitrogen Balance Hypothesis (CNB) considered that the synthesis of carbon-rich secondary metabolites was influenced by the synthesis of photosynthesis carbohydrate [29] . If the plant had strong photosynthesis capacity, the carbohydrates not only meet the needs of their own growth and development, the remaining carbon also could be used for the synthesis of carbon-based secondary metabolites such as tannins. On the contrary, if the photosynthetic level of the plant is too limited to be only able to meet their growth and development, the carbon assigned to secondary metabolites will reduce. According to this theory, it can be assumed that the content of carbon-based secondary metabolites tannins in the summer should be higher than that in the other seasons due to the stronger photosynthesis. In this study, soluble condensed tannin content in the sun leaves of A. corniculatum was highest in summer ( Fig. 2A) . The FBCT content of sun leaves of A. corniculatum in summer was higher than that in shade leaves in any seasons except in spring (Fig. 2B) , while the sun leaves had lower FBCT content than shade leaves except in summer (Fig. 2C) . All the results were consistent with our above assumption.
Generally, the nutrient supply of the plant could be reflect from the content of leaf nutrient and they are affected by season, tree nutrition balance and other factors [30, 31] . Our results showed that sun leaves had higher leaf nitrogen (N) content than the shade leaves in the autumn, but lower in summer and no significant difference (P> 0.05) between winter and spring. This indicated the effects of light intensity on the N content of leaves varied among different seasons. Significant difference of the P content in sun leaves of A. corniculatum were found among different seasons, while the highest values occurred in winter and lowest values were found in summer (Fig. 3B) . The accumulation of nutrients in winter might be attributed to the resistance to low temperature [32] . The P content in sun leaves was lower than that of shade leaves in summer and winter, but no significant differences were found between them in spring and autumn.
In most ecosystems, nitrogen and phosphorus are important factors affecting plant growth and as well as an important factor influencing the community primary productivity [20, 33] . According to Güsewell and Koerselman [21] and Rejmankova [34] , the N: P ratio in mature leaf can be used to indicate the nutrient limitation status of the community. It represents phosphorus limit when N:P ratio is higher than 16 and it was nitrogen limit when N:P ratio below 14. We found that leaf N: P of A. corniculatum in sun leaves and shade leaves in different seasons ranged between 8.15 ± 0.65 ~ 13.22 ± 0.53 and 6.39 ± 0.35 ~ 13.41 ± 0.25, respectively. All N:P ratios were less than 14, indicating that the habitat conditions of A. corniculatum are N limit. Meanwhile, similar trends of seasonal variation were found for leaf N: P ratio of A. corniculatum in sun leaves and shade leaves. Both of them showed lowest N:P ratios in winter, which might be related to the growth of new leaves. It required a lot of the nutrients for the growth of new leaves in winter, which caused stronger nitrogen limitation.
In addition, correlation analysis showed that no significant relationship were found between the nitrogen content and total phenol content (F = 0.033, R = 0.039, P = 0.858) and between total nitrogen content and condensed tannin content (F = 2.373, R = 0.312, P = 0.138). Hence, there are no correlation between tannin content and leaf protein content which does not meet the competition model (Protein Competition Model, PCM) [35] . The model assumes that both the synthesis of condensed tannin such as Phenylpropanoids and their derivatives and the synthesis of protein requires a large amount of phenylalanine as a precursor. When the plant grew in an appropriate habitat, it will consume plenty of phenylalanine for protein synthesis to satisfy the growth and development of plants, resulting in the lack of phenylalanine needed for the synthesis of condensed tannins and the reduction of condensed tannins content. In contrast, the growth of plant will be limited when it was in a poor habitat. Under this circumstance, the amount of protein required for the growth of plant is reduced and a large number of extra phenylalanine could be used synthesis of condensed tannins, resulting in a significant increase in condensed tannin content. Consequently, significantly negative correlation existed between the content of protein and condensed tannin.
Generally, the contents of tannins and nutrient in plant tissue had opposite trend, thus the TP: N and ECT: N ratio could be used to indicate the health quality of the leaves [36] . In this study, TP: N and ECT: N in the sun leaves were significantly higher than that in shade leaves except for autumn (Fig. 5) . The sun leaves, which at the outside part of the canopy, are more easily grazed by herbivores. Without physical or mechanical defense, a chemical defense by producing more secondary metabolites tannin were developed to protect the leaves from herbivores.
CONCLUSION (1)
The content of tannin in leaves of Aegiceras corniculatum is significantly influnced by light intensity. In all four seasons, the contents of TP, ECT and TCT in the sun leaves were significantly higher than those in the shade leaves. The high tannin content of sun leaves can reduce the oxidative damage phytodamage caused by the excess light energy.
(2) The N: P ration in the leaves of A. corniculatum in sun leaves and shade leaves ranged between 8.15 ± 0.65 ~ 13.22 ± 0.53 mg/g and 6.39 ± 0.35 ~ 13.41 ± 0.25 mg/g, respectively. The ratio of these two kind of leaves both were lower than 14, indicating that the habitat of the Aegiceras corniculatum in our study are N limited.
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(3) TP: N ratio and ECT: N ratio in the sun leaves of Aegiceras corniculatum were significantly higher than those in the shade leaves in all seasons except for autumn. The high TP: N ratio and ECT: N ratio in the sun leaves helped to improve the ability for plants to resist pests and diseases.
